In Tokamaks, the toroidal field (TF) coil feeder is an important component that is used to supply the cryogens and electrical power for the TF coils. As a part of the TF feeder, the cryostat-feed through (CFT) is subject to low temperatures of 9 and 80 K inside and room temperature of 300 K outside. Based on the features of the International Thermonuclear Experimental Reactor TF feeder, the thermal performance of the CFT under the nominal conditions is studied. Taking into account the conductive, convective and radiation heat transfer, the finite element model of the CFT is built. Transient thermal analysis is performed to determine the temperatures of the CFT on the 9th day of cooldown. The model is assessed by comparing the cooling curves of the CFT after 9 days. If the simulation and experimental results are the same, the finite element model can be considered as calibrated. The model predicts that the cooling time will be approximately 26 days and the temperature distribution and heat load of the main components are obtained when the CFT reaches thermal equilibrium. This study provides a valid quantitative characterization of the CFT design.
Introduction
To constrain the plasma in a Tokamak, a strong magnetic field is provided by a large number of superconducting magnets [1] [2] [3] [4] [5] [6] . These magnets consist of hundreds of turns of large superconducting cables, carrying multi-kA currents. The cables are cooled by supercritical helium to maintain the superconducting state and remove the heat loads from the thermal radiation and neutron deposition. The feeders of the Tokamak are used to supply cryogens and electrical power to the superconducting magnets. There are the toroidal field (TF) feeder, poloidal field feeder, central solenoid feeder, correction coil feeder, and so on [1] [2] [3] 7] . The ITER type feeder is approximately 30 m long and split into three parts, the cryostat-feed through (CFT), the in-cryostat-feeder (ICF) and the cold-terminal-box (CTB). Each of these includes the cryopipes, superconducting bus bars, thermal shield, cold mass support (CMS), containment duct (CD), vacuum barrier (VB) and more. The detailed design of these components can be found in [8] [9] [10] [11] [12] [13] [14] . The following focuses on the CFT component of a ITER TF-type feeder.
As shown in figure 1 , the CFT is located between the VB and ICF. The VB is used to separate the vacuum systems of CTB and the CFT to allow for maintenance intervention inside the CTB without main cryostat pressurization. The ICF cap is just a temporary element used for the testing and it is connected to the CFT by welding. The thermal shield is a structure assembled from Aluminium plates with the cryopipes welded onto it, which provides thermal protection for the CFT internal components (see figure 1) . The thermal shield is also supported by the CMS, which it also helps to thermalize. To reduce the radiation heat load from the thermal shield to the bus bar and helium pipes, the pipes are enclosed in the CD, which is also supported by the CMS.
The supports of the bus bars and the cryo-pipes are affixed to the SP, which is installed inside the CD. Copper sheets (thermal intercepts) connect the CMS and cryo-pipes, as shown in figure 1. Active cooling is also added for the SP which is tied to the cryo-pipes (9 K) through similar intercepts, as shown in figure 2 . All of the structures are designed to minimize the heat load to the superconducting bus bars and cryo-pipes. A dynamic thermal balance should be achieved in the working condition.
The CFT inner components are subjected to low temperatures of 9 and 80 K from the cryopipes and conduction and radiation from the room temperature walls of the cryostat around them. In order to predict the temperature distribution, heat load and cooling time of the main components, the calculation is performed in two steps. First, taking into account the conductive, convective and radiation heat-load, the thermal model is built and checked against the test results. Second, after validating the thermal model, a transient thermal analysis is performed to predict the cooling time. The temperature distribution and heat load of the main components are obtained when the CFT reaches thermal balance. The results will provide a valid thermal characterization of the CFT design. The following will describe primarily the transient thermal model. Figure 1 shows the heat flow path from the room temperature environment (cryostat wall, etc) to the low temperature of the cryo-pipe assemblies (9 and 80 K) and bus bar (6 K). The cooling process of the CFT was modeled as a 3D finite element transient thermal analysis using ANSYS/CAE. The number of elements heated by the air in the room temperature environment is applied with thermal flux from the convective heat load at each time step. The elements cooled by helium gas (cryo-pipes) have constant temperature assigned for each time step. Some elements have the space temperature given by the radiation heat load at each time step. Therefore the temperature distribution depends on the cooldown time. The governing heat flux equations are as follows: 
Theoretical analysis
where a q , l q , q c refer to the heat flux from the convection heat load, the conduction heat load, and radiation heat load, respectively. DT cw is the temperature difference between the air and the outer surface of the components. l is the thermal conductivity, DT h is the temperature difference of two different positions, Dx is the distance of two different positions,
is the Stefan-Boltzmann constant, T 1 and T 2 are the temperatures of emitting and receiving surfaces, e 1 and e 2 are the emissivities of the materials. A 1 and A 2 are the area of the surfaces on the components. r, C p refer to the density and specific heat, respectively, of the materials; and T and t represent the temperature and time variables, respectively. The terms on the left side of the above equations refer to the conductivity heat transfer in the three directions. And the terms on the right side of the above equations refer to the transient aspect of the heat transfer process. At the beginning of the calculation, all of the finite elements have a constant temperature T 0
In the cooling process, the specific material properties, such as density, thermal conductivity and specific heat, are used as inputs in the transient model. The values of these material properties for different temperatures are shown in table 1.
The finite element model
Due to the complex structure of the CFT, the thermal model requires simplifications, as shown in figure 2 . The finite element model consists of the cryopipe, thermal shield, CMS, CD, VB, CFT, ICF cap, and so on. The helium gas in the cryopipe is built with element Fluid116. The thermal surface effect element SURF152 is used at the interface between the helium gas and the inner face of the cryopipe. The other main components are modeled by Shell131. The copper sheet is modeled by link33. The radiant heat from the environment to thermal shield and thermal shield to VB and CD are simulated by Surf152. The radiant heat from the cryopipe to the ICF cap is modeled by Surf252. Figure 2 shows the equivalent thermal resistances between the thermal shield and the VB separator plate (SP), the CD and the SP, and the CD SP and the cryopipe (9 K). The bolts, welds, holes and the supports of the cryopipe (9 and 80 K) are not considered in the thermal model. Sharing nodes are used at the interfaces between all of the components [15] [16] [17] [18] .
Transient thermal analysis

Boundary conditions and loads
The thermal boundary condition is shown in figure 3 . The bottom of the CMS and the boundary of the VB are 300 K; the thermal flux on thermal shield with AL and ICF cap from the convective heat load is 4 W m −2
; the material emissivity of both the SS316L and the AL is 0.3, and the environmental temperature is 300 K; The radiation temperature of the thermal shield to VB_SP and CD is 90 K and and the surface emissivity is 0.2; the radiation temperature of the helium cooling pipe in the CD to the ICF cap is 9 K and the surface emissivity is 0.2. The temperature of the cryopipe on the thermal shield is 80 K; the initial temperature of the global model is 254 K, which is based on the test temperature curve that we had obtained and the simulation began at this point. The test cooling time is 9 days and the simulation end time is also 9 days.
Results for the 9th day
The temperature distribution of the SPs of the VB and CFT and the temperature distribution of the CD are shown in figures 4-7. The positions of the nine test points are shown in The temperature versus time for points 2, 6 and 7 at 9 d are shown in figure 8 . Figure 8 shows that the VB attains thermal equilibrium after 6 d, whereas the SP and the CD of CFT do not reach equilibrium, even after 9 d. The bump in the experimental data between day 6 and 7 for point 2 and 7 is most likely due to a data glitch in the measurement. Now, having calibrated the FE model, it can be used to simulate the test of the cooling process.
Results for 30 days
To find the time of the thermal equilibrium for the SP and the CD of the CFT, the simulated cooling time is extended to 30 d. According to the computation, the temperature versus time graphs for points 2, 6 and 7 are shown in figure 9 . The results predict that the cooling time will be approximately 6 d for VB and approximately 26 d for CFT_SP and CFT_CD. The heat flow results further support this point, and the heat flow VS. time for the 90 and 9 K areas are shown in figures 10, 11.
To predict the temperature distribution and the heat load of the main components, when the CFT reaches thermal equilibrium, the temperature distribution of the cryopipe, thermal shield, VB and CMS are shown in figures 12-15. Figure 12 shows the cooling helium outlet temperature is 95 K. Figure 13 shows thermal shield is cooled by the cooling helium. Figure 14 shows the VB has a distinct temperature gradient. Figure 15 shows there are distinct temperature gradients between the bottoms of the CMS, CD and thermal shield.
The heat load of the 9 K/90 K components are shown in table 3. The results show that the helium gas cryopipe on the thermal shield carries much of the heat away. The conduction and radiation heat is the main heat load for the liquid helium cryopipe. 
Summary
From the thermal analysis for the TF feeder CFT component, the following conclusions can be obtained: (3) When the CFT reaches thermal equilibrium, the temperature distribution and heat load of the main components can be obtained. The thermal shield absorbs 98.7% of the heat load from the room temperature environment from reaching the CFT inner components. The conduction and radiation heating is the main heat load for the liquid helium cryopipe. The radiation heat load from the thermal shield to the VB is negligible, whereas the radiation heat load from the thermal shield to the CD is non negligible.
In conclusion, the results provide a quantitative assessment for the thermal design of the CFT. Further efforts will focus on the thermal and cooling time optimization, and the structural analysis to further improve the design. 
